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ABSTRACT
Aims. Rotation of meteoroids due to gas drag during the ejection from cometary nucleus has not been studied yet.
The aim of this study is to estimate the rotational characteristics of meteoroids after their release from a comet during
normal activity. The results can serve as initial conditions for further analyses of subsequent evolution of rotation in
the interplanetary space.
Methods. Basic dependence of spin rate on ejection velocity and meteoroid size was determined analytically. A sophis-
ticated numerical model was than applied to meteoroids ejected from 2P/Encke comet. The meteoroid shapes were
approximated by polyhedrons with several thousands of surface elements, which have been determined by 3D laser
scanning method of 36 Earth rock samples. These samples came from three distinct sets with different origin and shape
characteristics such as surface roughness or angularity. Two types of gas-meteoroid interactions and three gas ejection
models (leading to very different ejection velocities) were assumed. The rotational characteristics of ejected meteoroid
population were obtained by numerical integration of equations of motion with random initial conditions and random
shape selection.
Results. It was proved, that the results do not depend on specific set of shape models and that they are applicable
to (unknown) shapes of real meteoroids. A simple relationship between median of meteoroid spin frequencies f¯ (Hz),
ejection velocities vej (m s
−1) and sizes D (m) was determined. For diffuse reflection of gas molecules from meteoroid’s
surface it reads: f¯ ≃ 2 × 10−3vejD
−0.88, and for specular reflection of gas molecules from meteoroid’s surface it is:
f¯ ≃ 5× 10−3vejD
−0.88. The distribution of spin frequencies is roughly normal in log-scale and it is relatively wide; 2σ-
interval can be described as (0.1, 10)× f¯ . Most of meteoroids are non-principal axis rotators. The median angle between
angular momentum vector and spin vector is 12◦. About 60% of meteoroids rotate in long axis mode. Distribution of
angular momentum vectors is not random. They are concentrated in the perpendicular direction with respect to the
gas flow direction. These results were determined for 2P/Encke comet, but their validity is general. Attention must be
paid if the gravitation of nucleus plays an important role.
1. Introduction
From the observations of meteors and bolides, there
are several phenomena suggesting that meteoroids ro-
tate. (i) The light-curves of some bright meteors
show quasi-periodic brightness variations (Spurny´ et al.
2007). This phenomenon, which is called flickering,
is sometimes interpreted as a result of rotation of
non-symmetric meteoroid (e.g. Beech & Brown 2000;
Beech 2001; Spurny´ & Borovicˇka 2001; Beech et al. 2003).
The rotational origin of flickering has however been
doubted and other explanations, such as autofluctuat-
ing mechanism or triboelectric effects, were suggested
(e.g. Babadzhanov & Konovalova 2004; Borovicˇka 2006;
Spurny´ & Ceplecha 2008; Spurny´ et al. 2012). (ii) Periodic
variations in velocity of Lost City bolide were also inter-
preted as a result of changing cross-section due to rota-
tion (Ceplecha 1996; Ceplecha & Revelle 2005). (iii) Initial
radius of meteor trains (Hawkes & Jones 1978) and (iv)
non-linear meteor trails (Beech 1988) can also be a re-
sult of meteoroid rotation, as well as the meteoroid burst-
ing in the atmosphere (e.g. Stokan & Campbell-Brown
2014). Unfortunately, precise and reliable determination of
preatmospheric rotation from observations of meteors and
bolides represents a significant problem so far.
The preatmospheric rotation of meteoroids (and more
generally, evolution of rotation in interplanetary space) can
be studied theoretically. For such studies, it is necessary to
describe the action of the processes that may affect the
rotation. It was shown, that the radiative effects more effi-
ciently affect the rotation of meteoroids in space than col-
lisions with dust (Olsson-Steel 1987). The asymmetry pa-
rameter determined by Paddack (1969) together with the
time spent in interplanetary space have been used by many
authors for estimates of the spin rate of meteoroids (), but
detailed study which would describe the whole physics of
meteoroid rotation in space self-consistently, is still missing.
For further modeling of the subsequent spin evolution
in interplanetary space, the knowledge of initial rotation,
just after the meteoroid birth, is also necessary. For as-
teroidal meteoroids, which originate as debris from col-
lisions in the Main Belt, the initial rotation can be es-
timated from results of hypervelocity fragmentation ex-
periments (e.g. Fujiwara et al. 1989; Martelli et al. 1994;
Giblin & Farinella 1997; Giblin et al. 1998).
The majority of shower meteoroids are released from
parent cometary nucleus during the normal activity of the
comet by gas drag (Whipple 1950, 1951). The gas drag
mechanism is connected with sublimation of ice at the
surface of the nucleus and acceleration of embedded dust
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grains and pebbles by gas flow away from the comet. If the
meteoroid has irregular shape with some degree of wind-
mill asymmetry, the gas may also accelerate its rotation
- similarly as in the simple experiment of Paddack (1969).
Although many authors dealt with the ejection process (e.g.
Crifo 1995; Jones 1995; Crifo & Rodionov 1997; Fulle 1997;
Ma et al. 2002; Molina et al. 2008), the rotation of mete-
oroids caused by gas drag during the ejection has not been
studied yet.
The aim of the present study is to fill this gap in our un-
derstanding of the meteoroids’ rotation and to estimate the
rotation characteristics of the meteoroids after the ejection
from the parent cometary nucleus. It is the first in the as-
sumed series of articles devoted to rotation of meteoroids.
In Sec. 2 a simple analytical theory is described, Sec. 3
is devoted to the description of a sophisticated numerical
model. The results from the numerical model can be found
in Sec. 4
2. Simple analytical model
The meteoroid motion and related acceleration of rotation
during ejection can be described by the following simple
analytical model. Let us assume, that the cometary nucleus
is spherical with radius Rc and massMc. Sublimation of the
cometary material due to solar heating causes a gas flow in
the radial direction from the nucleus along coordinate z
(z = 0 in the center of the nucleus). The meteoroid has
mass m and size D. Let us assume two forces acting on
the meteoroid. The first one is gravitational force of the
nucleus, which can be expressed as
Fg = −GmMc/z
2, (1)
where G = 6.67× 10−11Nm2 kg−2is the gravitational con-
stant. Molecules of the gas interact with meteoroid surface
and cause drag force, which can be expressed in a simplified
form as
Fgas = A/z
2, (2)
where A is a positive constant (e.g. review of Ryabova
2013). The equation of motion is
m
dv
dt
= Fgas + Fg, (3)
where v is the velocity in the z-direction. Using the identity
dv/dt = v dv/dz and initial conditions v = 0 and z = Rc
(meteoroid is lying at the surface of the nucleus), the de-
pendence of the meteoroid velocity on distance z can be
found:
v =
√
2
(
A
m
−GMc
)(
1
Rc
−
1
z
)
. (4)
If the body has an amount of windmill asymmetry, the gas
produces not only force Fgas, but also torque Mgas. Let us
assume, that the torque is related to the drag force through
effective moment arm ref (Paddack 1969) as
Mgas = refFgas, (5)
or with help of dimensionless asymmetry parameter ξ =
ref/D (Paddack & Rhee 1975) as
Mgas = ξDFgas. (6)
The equation of motion for rotation is
C
dω
dt
=Mgas, (7)
where C is moment of inertia and ω is angular velocity.
After substitution it has form:
C
dω
dz
= reqA
[
2
(
A
m
−GMc
)(
1
Rc
−
1
z
)]−1/2
z−2. (8)
Then, the relationship between spin frequency and veloc-
ity of the spherical meteoroid (i.e. C = 8mD2/5) can be
derived as:
f =
5ξ
piD
v
(
1−
GMcm
A
)−1
. (9)
We can see that the spin frequency of the meteoroid is
directly proportional to the velocity and inversely propor-
tional to the body size. There is no explicit dependence on
meteoroid density, but it is included in the velocity v and
also in the term in parentheses. The term in parentheses
on the right hand side corresponds to the ratio of gravita-
tional and drag force. If the gravitational force is small in
comparison with the drag force, this term approaches zero.
This is the case of small meteoroids1. The term grows with
increasing importance of the gravitational force (i.e. with
increasing mass, size, or density of meteoroid). It is infinity
when these two forces are equal. The explanation is as fol-
lows: The gravitational force does not affect the meteoroid
rotation itself, but it reduces the meteoroid speed. The gas
flow has therefore more time to accelerate the rotation.
Eq. (9) was derived with an assumption that the ro-
tation is continuously accelerated. In real situations the
steady acceleration (or deceleration!) begins after a phase
of chaotic evolution of rotation (see Sec. 4.1). Due to this
fact, it is more useful to write Eq. (9) without the term
in parentheses. In this case ξ has the meaning of effective
asymmetry parameter, which may slightly depend on size.
3. Numerical model
The analytical formula (9) for spin frequency was derived
with crude simplifications and assumptions concerning the
meteoroid shape, force and torque expression and the mo-
tion. Moreover, the analytical model is not able to predict
the value of asymmetry parameter ξ, and it is not able to
describe the distribution of spin frequencies, directions of
the spin axes, degree of tumbling, etc.
In the following text, a more precise numerical model,
that is not limited by above mentioned simplifications will
be described. It uses meteoroid shapes approximated by
polyhedrons which were obtained by 3D laser scanning of
Earth rock samples. The force and torque of the gas flow
is computed for each surface facet and then integrated over
whole meteoroid surface. The rotational motion is com-
puted by numerical integration of Euler’s equations.
1 Gravitational force depends on size as∝ D3, while drag force
is proportional to ∝ D2.
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Fig. 1. Example of the polyhedral models for meteoroid
shapes. They were obtained by 3D laser scanning of 36 sam-
ples of various terrestrial rocks. Upper row: clay, middle
row: trachybasalt fragments, lower row: gravel. The plots
are not to scale.
3.1. Meteoroid shapes
The shape of a body represents one of the most important
quantities because it controls the ability of the object to
be spun up. There is no torque on symmetrical bodies like
spheres, cubes, three-axial ellipsoids or blocks. The mete-
oroid must have a certain amount of windmill asymmetry
which causes that the gas flow will be able to spin up the
body.
What do the shapes of cometary meteoroids look like?
It represents one of the main difficulties in this modeling.
I decided to digitize the terrestrial samples which differ in
their origin, shape characteristics and strength, and test
how the results depend on the sample origin. For this pur-
pose I chose three different sets of samples. Each set consists
from 12 shapes which were selected randomly from larger
group of samples to avoid preferential selection of “nice”
shapes by a collector.
The first set is composed from fragments of a volcanic
rock (trachybasalt) which was broken apart by a hammer.
These shapes are usually planar and sharp and I call them
“fragments”. The second set consists from pieces of gravel
(a metamorphic rock). These samples are more round than
fragments and they are referred to as “gravel”. The third
set contains pieces of broken block of dry clay. They have
very bumpy surface, sometimes with holes and open cracks.
They are called “clay”.
All shapes were digitized by 3D laser scanning method
by SolidVision s.r.o. company. The precision of the shape
determination is better than 0.5mm and the resulting
shapes are represented by polyhedrons with several thou-
sands of triangular facets (Fig. 1). The volume of samples
ranges from 0.51 to 17.29 cm3. The number of surface ele-
ments depends of the surface area and it ranges from 3 548
to 35 242 facets.
The polyhedral description allows a simple determina-
tion of volume, mass, tensor of inertia of the body as well
as the surface normal, area and radiusvector to the cen-
ter of each surface facet. These quantities can be used for
determination of the forces and the torques acting on the
meteoroid.
3.2. Gas ejection
The ejection of meteoroids during normal cometary activity
is caused by the gas flow, which escapes from the cometary
nucleus due to sublimation of its material. The gas den-
sity ρgas and velocity vgas represent important quantities
which determine the magnitude of the force. These quanti-
ties were studied by many authors dealing with theoretical
estimates of ejection velocity. It is obvious that different
models give different results for ejection velocities (e.g. re-
view of Ryabova 2013). Therefore, three distinct models
were chosen for comparison:
The model J1995-100 is based on Jones (1995).
Assuming spherical symmetric ejection, the gas density was
determined from Eqs. (10)–(12) in Jones (1995). The gas
velocity was computed from Eqs. (3), (4), (8) and those
for gas density in Jones (1995). In this model, the adiabatic
expansion of the gas is assumed, which causes that the gas
velocity increases with distance z from the nucleus, and the
gas density has a more complicated dependence than z−2.
Next two models are based on Ma et al. (2002). In this
case the gas velocity vgas is constant and equal to velocity
of water molecules at sublimation temperature, which is
580m s−2. The gas density can be expressed from Eqs. (4)
and (24) in Ma et al. (2002) as:
ρgas(z) =
1
4α
S⊙
H
(
Rc
z
)2(
1
r2
−
1
r2s
)
1
v¯gas
, (10)
where α is the fraction of the nucleus surface area that is
active, S⊙ is the Solar constant, H sublimation heat, r he-
liocentric distance, and rs heliocentric distance of the begin-
ning of cometary material sublimation. Model M2002-050
assumes ejection from sunlit hemisphere (i.e. α = 0.5), and
M2002-002 assumes that only 2% of the surface is active.
Thus the three gas ejection models result in large range
of the gas action magnitude. Model J1995-100 corresponds
to weak gas flow, since the ejection from whole cometary
nucleus surface (including night side) is assumed. The other
extreme is modelM2002-002, which assumes that the whole
mass is ejected in a very narrow jet, the result of which is
very strong gas flow. Model M2002-050 represents a conser-
vative case.
3
D. Cˇapek: Rotation of cometary meteoroids
3.3. Force, torque and meteoroid motion
Gas molecules interact with the surface of the meteoroid
and cause drag force and torque. The present model as-
sumes free-molecular flow regime. It means that the size of
meteoroids is smaller than the mean free path of molecules
and the interaction of gas flow with meteoroid can be de-
scribed as impacts of solitary molecules. (This assumption
is however not fully met in case of larger meteoroids, small
heliocentric distances and proximity to the surface of the
nucleus.) Two possible types meteoroid-gas interaction are
assumed: (i) specular reflection which corresponds to the
ideally elastic collisions, and (ii) diffuse reflection which
means temporary capture and emission of gas molecules
in a random direction. In case of the specular reflection,
the force acting on i-th small surface facet is:
df i = ρgas(vgas − v)
2
[
−2(ni · e)
2ni
]
dSi, (11)
where ni is unit outer normal to the surface, e is unit vector
in the direction of the gas flow, dSi is the area of the sur-
face facet. This formula can be simply expressed in case of
polyhedral description of meteoroid shapes. For the diffuse
reflection:
dfi = ρgas(vgas − v)
2 (ni · e)
(
e−
2
3
ni
)
dSi. (12)
Total force caused by gas is given by a sum over the whole
surface:
Fgas =
∑
i
dfi. (13)
The gravitational force also affects the meteoroid’s motion
and it is given by Eq. (1). The centrifugal force is neglected
in the model. The total torque reads
Mgas =
∑
i
ri × dfi, (14)
where ri is radiusvector to the center of the i−th surface
facet. The torque is caused only by gas flow, because grav-
itational torques are negligible for such small bodies.
The translational and rotational motions were com-
puted simultaneously, since the total force and torque de-
pends both on the orientation and distance from the nucleus
(and also on the velocity). The motion of meteoroid can be
described by radiusvector r, velocity v, three Euler’s an-
gles ϕ, ϑ, ψ and three components of the angular velocity
ω. For the numerical integrations of the Euler’s equations
are, however, more suitable Euler’s parameters q0, q1, q2, q3,
because they don’t have singularities in the poles (e.g.
Fukushima 2008)2. The system of equations of motion for
translation and rotation was solved numerically by 4th or-
der Runge-Kutta method with variable timestep. The suit-
ability of the numerical method was proved by conservation
of energy and angular momentum tests.
2 Note the typographical error in Eq. A31 of Fukushima
(2008), where a factor of 2 is missing in the expression of θ
angle.
3.4. Model parameters and computation details
The numerical model was applied to 2P/Encke comet,
which belongs to the Taurid complex. The nucleus of
this comet has mean effective radius Rc = 3950 ± 60m
(Lowry & Weissman 2007) and mass Mc = 9.2 ± 5.8 ×
1013 kg (Sosa & Ferna´ndez 2009). The perihelion distance
is 0.33AU and semimajor axis is 2.2178AU. The meteoroid
bulk densities are assumed to be the same as for Taurid me-
teoroids ρ = 1.6 g cm−3(Babadzhanov & Kokhirova 2009;
Madiedo et al. 2014). Three sizes of meteoroids, corre-
sponding to equivalent spheres of diameters 1mm, 1 cm and
10 cm were studied. The computational scheme was follow-
ing:
– Sizes of all meteoroid shapes were rescaled so that they
have the same volume as the sphere of assumed size
(1mm, 1 cm or 10 cm).
– Position on the orbit was randomly selected and appro-
priate amount of meteoroids was released. The amount
was proportional to the mass loss rate (i.e. ∝ ρgasvgas).
– In the beginning of the integration, the shape and the
initial orientation of each meteoroid was selected ran-
domly. The integration started from the surface of the
nucleus with zero velocity.
– The equations of rotational and translational motion
were integrated. If the meteoroid fell back to the sur-
face, it was rejected. (This case was more frequent for
large meteoroids at the larger heliocentric distances.)
Othervise, the integration stopped when it reached the
distance of 25×Rc.
– The values of ejection velocity, spin frequency, direction
of the moment of inertia, degree of tumbling, etc. were
saved.
In total,∼800 000 integrations were done, which took∼ 700
CPU days.
4. Results
4.1. Rotation of individual meteoroids
The main aim of this study is to estimate the rotational
properties of meteoroids far from the nucleus. It is however
useful to briefly describe the evolution of rotation for indi-
vidual meteoroids. The rotation during the ejection process
can be divided into two stages:
I. chaotic rotation. After the release from the surface, the
meteoroid usually rotates chaotically. It wobbles and tum-
bles, the spin axis orientation and direction of angular mo-
mentum changes in random way and the rotation speed is
alternately accelerated and decelerated (Fig. 2).
II. regular rotation. After some time, the meteoroid rota-
tion begins to evolve more regularly. The direction of an-
gular momentum slowly drifts to a final stage, spin axis
moves about it and the rotation speed is monotonically ac-
celerated or decelerated (Fig. 2). With increasing distance
from the nucleus, the gas density decreases as well as the
gas forces and torques acting on the body. Far from the
nucleus, the meteoroid has a constant velocity, constant
angular momentum vector and kinetic energy.
4
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Fig. 2. Example of evolution of rotation of 1 cm meteoroid.
Upper plot: Evolution of angular momentum direction with
respect to the inertial frame. The numbers denote the dis-
tance from the surface in terms of nucleus radii Rc. Lower
plot: Evolution of the rotational part of the kinetic energy.
The stage I of chaotic rotation and stage II of regular rota-
tion can be clearly distinguished in both plots. In this case
the transition between them occurs at about 0.3×Rc above
the surface.
The transition between both stages is not sharp and it
is difficult to estimate typical time necessary for the tran-
sition from the stage I to stage II. The transition is usu-
ally reached at the distance from the nucleus, where the
gas density is still sufficiently high. The steady evolution
of rotation therefore begins not at surface but at this dis-
tance, whereas the velocity is accelerated from the surface.
Moreover, the spin rate at the beginning of the stage II
is not zero and it can be both accelerated and decelerated.
This results in a deviation of frequency-velocity dependence
from the Eq. (9). Due to higher inertia and reduced veloc-
ity of larger meteoroids caused by a gravitational force, the
stage of regular rotation begins at lower heights than for
smaller meteoroids. Although the larger bodies rotate more
slowly than the smaller ones, finally they have higher ratio
of rotational to translational part of the kinetic energy.
The ejection from the surface to the distance of 25×Rc
lasted roughly from 10 minutes for 1mm bodies, to 3 hours
for 10 cm meteoroids in perihelion.
4.2. Spin frequency
The spin frequencies of meteoroids far from the nucleus
were computed for three gas ejection models, two types of
gas-meteoroid interactions and three sizes. Thus, 18 differ-
ent distributions of spin frequencies were obtained. An ex-
ample of the distribution of f for three meteoroid sizes can
Fig. 4. The dependency of asymmetry parameter ξ on me-
teoroid size for three gas ejection models (see Sec. 3.2) and
two types of gas-meteoroid interaction. The diamonds cor-
respond to numerical results for diffuse reflection and the
triangles the specular reflection of gas molecules from me-
teoroid’s surface. The solid and dashed lines represent in-
terpolation of the size dependency (see the text).
be seen in Fig. 3. In this case, gas ejection model M2002-
050 and diffuse reflection of gas molecules from the surface
of meteoroids were considered. The meteoroid shapes of all
three shape sets were used. The distribution is approxi-
mately normal in log scale and its width can be expressed
by boundary values of 2σ interval. Approximately 95% of
values lay inside of this interval. For 1mm meteoroids, the
median value of spin frequency is f¯ = 70.9Hz, with 2σ in-
terval (6.7-963)Hz. In case of 1 cm bodies, median value f¯
is 2.9Hz, with 2σ interval (0.3-31.8)Hz, and largest, 10 cm,
bodies have median f¯ = 0.16Hz and 2σ interval (0.02-
1.2)Hz. It can be seen that the spin frequencies of mete-
oroids with particular size lay inside relatively wide interval
ranging across about one order of magnitude. The median
frequency decreases with increasing size as D−1.31 in this
size range. Median frequencies determined separately for
each shape set are almost the same. The difference between
largest and smallest values is lower than 30%. It is negligible
with respect to the width of 2σ intervals.
The resulting medians of spin frequencies, 2σ intervals,
median ejection velocities and other quantities for various
gas ejection models and meteoroid sizes can be seen in
Tab. 1. The median spin frequency depens on (i) meteoroid
size, (ii) type of gas-meteoroid interaction and (iii) also on
the gas ejection model. The dependence (iii) is caused by
different ejection velocities corresponding to these models.
The dependence of f¯ on gas ejection model can be removed
if asymmetry parameter ξ and median ejection velocity vej
is taken into account. The rotation of meteoroid evolves in
a more complicated way than assumed in Sec. 2, as was de-
scribed in previous section. After a stage of chaotic acceler-
ation and deceleration of rotation and chaotic movement of
angular momentum direction, the meteoroid reaches quasi-
stable rotation, which is further uniformly evolved. Due to
this fact, it is useful to determine the asymmetry parameter
ξ as
ξ =
pi
5
D
f¯
vej
, (15)
5
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Fig. 3. Distribution of spin frequencies after ejection from 2P/Encke comet for 1-mm (left), 1-cm (middle) and 10-cm
(right) meteoroids. Gas ejection is according to Ma et al. (2002), active fraction of the surface is 50%. The solid vertical
line represents median value and dotted vertical lines bound 2σ interval. Small arrows with letters g, c, f denote median
values for gravel, clay and fragments shapes.
ejection D f¯min f¯ f¯max vej ξ ∆fcfg
model (mm) (Hz) (Hz) (Hz) (m/s) ×10−4 (%)
M2002-002 D 1 32.02 258.32 3002.13 345.12 4.70 30
M2002-050 D 1 6.74 70.92 962.90 101.93 4.37 27
J1995-100 D 1 4.81 49.16 729.80 71.86 4.30 30
M2002-002 D 10 1.50 12.93 124.64 139.54 5.82 26
M2002-050 D 10 0.31 2.89 31.84 31.14 5.83 26
J1995-100 D 10 0.21 1.90 22.48 22.18 5.37 29
M2002-002 D 100 0.08 0.69 5.12 48.94 8.92 18
M2002-050 D 100 0.02 0.16 1.18 11.82 8.56 16
J1995-100 D 100 0.02 0.12 0.89 8.55 8.45 23
M2002-002 S 1 64.77 556.67 4888.90 276.85 12.63 2
M2002-050 S 1 17.47 171.46 1732.48 89.24 12.07 7
J1995-100 S 1 11.97 124.24 1273.32 66.73 11.70 11
M2002-002 S 10 3.07 28.72 246.04 127.99 14.10 4
M2002-050 S 10 0.65 6.66 63.86 29.95 13.97 4
J1995-100 S 10 0.43 3.93 42.27 17.90 13.80 3
M2002-002 S 100 0.14 1.30 10.48 45.61 17.88 6
M2002-050 S 100 0.05 0.31 2.33 10.04 19.46 10
J1995-100 S 100 0.04 0.22 1.73 7.03 19.84 8
Table 1. Resulting rotational characteristics of meteoroids ejected from 2P/Encke comet for meteoroid sizes D 1mm,
1 cm and 10 cm, three ejection models (see Sec. 3.2) and two types of gas-meteoroid interactions (D means diffuse and
S specular reflection of gas molecules from meteoroid’s surface). f¯ is median of spin frequencies, bounds of 2σ interval
are f¯min and f¯max, vej mean ejection velocity, ξ is asymmetry parameter and ∆fcfg represents maximum difference of f¯
between the shape sets (see the text).
where vej is the median of ejection velocity. The result-
ing values of ξ can be seen in Tab. 1 and also in Fig. 4.
The asymmetry parameter ξ is almost independent on gas
ejection model. It still depends on type of gas-meteoroid
interaction and the size. Gas molecules specularly reflected
from meteoroid’s surface are able to spin up the meteoroid
more quickly than molecules which are reflected diffusively.
The ratio is about 2.5×. The dependency on size is caused
by more complicated evolution of rotation during mete-
oroid ejection. It is related to the height of transition be-
tween stage I and stage II which depends on meteoroid size
(Sec. 4.1). The asymmetry parameter can be approximated
as
ξ = ξ0
(
D
D0
)0.12
, (16)
where D0 = 0.001m, and ξ0 = 4.5 × 10
−4 for diffuse re-
flection and ξ0 = 11 × 10
−4 for specular reflection of gas
molecules from the meteoroid’s surface (solid line in Fig. 4).
Obviously, better approximation can be found, e.g. rational
function ξ = 1.55 (logD − 6.73)/(logD − 0.39) for diffuse
reflection and ξ = 8.28 (logD−1.56)/(logD−0.11) for spec-
ular reflection of gas molecules from meteoroid (dashed line
in Fig. 4). The differences between numerically determined
medians ξ and those from Eq. (16) are however lower than
∼ 13% which is substantially smaller than typical width
of the distribution, so this relationship is sufficiently pre-
cise. The resulting relation for median spin frequency can
be determined from (15) and (16):
f¯ =
5
pi
ξ0
vej
D
(
D
D0
)0.12
. (17)
This equation enables to estimate the median of spin fre-
quency of meteoroids ejected from comet 2P/Encke accord-
ing to the size and ejection velocity. The meteoroid density
is not explicitly present, but it determines the ejection ve-
locity. The ejection velocity may be determined with more
appropriate gas ejection model, active nucleus surface ra-
6
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tio or bulk density of meteoroids, or it may be determined
from observations.
4.2.1. Width of the distribution
As can be seen in Fig. 3, the spin frequency distribution is
relatively wide. The width is a result of (i) different abilities
of meteoroid shapes to be spun up, (ii) random initial ori-
entation of meteoroid shapes and (iii) different heliocentric
distances of the ejection. The lower and upper boundary
of 2σ intervals, were determined for all distributions. The
lower boundary vary between (0.10− 0.18)× f¯ and the up-
per boundary between (7.3 − 13.6) × f¯ . These limits may
be roughly estimated as 0.1× f¯ and 10× f¯ .
4.2.2. Rotational bursting
The rotation of smaller meteoroids can be accelerated up to
several hundreds or even thousands of Hertz. Is it possible
that these bodies can be destroyed by centrifugal forces?
The tensile stress due to centrifugal force inside rotating
meteoroid can be estimated from a formula for the stress
in the center of rotating sphere (e.g. Kadish et al. 2005):
σ =
pi2
2
ρD2f2. (18)
After substitution from Tab. 1, the stress increases with
decreasing meteoroid size. Assuming gas ejection model
M2002-050 and specular reflection of gas molecules, the
stress for median spin frequency is ∼ 200 kPa for 1mm
meteoroids, ∼ 35Pa for 1 cm meteoroids and ∼ 8Pa for
10 cm meteoroids. Due to wide distribution of the spin
frequencies, some meteoroids can reach much stronger
stresses. For example if spin frequency of 1mm mete-
oroids is f = 1000Hz, the tensile stress due to centrifugal
force is ∼ 8 kPa, which is comparable with the apparent
strength of Taurid meteoroids (Trigo-Rodr´ıguez & Llorca
2006). Moreover the strength distribution of Taurid mete-
oroids shows large spread (Brown et al. 2013) and therefore
rotational bursting during ejection process can be expected
for some of the fast small meteoroids.
4.2.3. Differences between shape sets
The shape of body is very important quantity, which deter-
mines the final spin state. Since there is no possibility how
to obtain shapes of real cometary meteoroids, 36 shapes
derived from Earth rock samples were used throughout the
numerical modeling. But how good is the approximation of
real shapes by these ones? The shapes belong to three sets
according to the origin (clay, fragment, gravel - see Sec. 3.1).
Bodies of these sets differ in surface character (bumpy or
smooth) and in overall shape (rounded or sharp). A sim-
ple test is how the results change for each shape set. It is
expressed by column denoted as ∆fcfg in Tab. 1, which
means max(f¯c, f¯f , f¯g)/min(f¯c, f¯f , f¯g), where f¯c, f¯f , f¯g are
medians of spin frequencies for clay, fragments and gravel
shapes. It can be seen, that the results differs by less than
30% for diffusive reflection of gas molecules and by less than
11% for specular reflection of gas molecules from meteoroid
surface. This is very good match. It indicates that the dif-
ference between results obtained by using shapes based on
Earth rock samples and the results for potential real mete-
Fig. 5. The distribution of mean angle between angular mo-
mentum vector and spin axis. Solid vertical line represents
median, which is 12.3◦.
oroid shapes can be expected to be the same – say within
a factor of 2.
4.3. Degree of tumbling
Another important information concerning the rotation of
cometary meteoroids is, if they are principal axis rotators
or non-principal axis rotators. Far from the cometary nu-
cleus, where the torque due to escaping gas flow in negligi-
ble, the vector of angular momentum is constant. The spin
axis of non-principal axis rotators rotates about the angu-
lar momentum vector along an unclosed trajectory. Mean
angle between angular momentum vector and spin axis can
be used as a degree of tumbling. (Another possibility is to
use an angle between angular momentum vector and short-
est axis of inertia tensor (e.g. Pravec et al. 2014).) If it is
zero, the body rotates about principal axis of the inertia
tensor. The non-principal axis rotation can take place in
small-axis mode or long-axis mode. In the first case, the
spin axis moves about the body axis which corresponds to
the largest moment of inertia, I3. In the latter case, the
spin axis moves about the body axis which corresponds to
the smallest moment of inertia, I1 (e.g. Pravec et al. 2005).
The distribution of mean angle between angular momentum
vector and spin axis can be seen in Fig. 5. This distribu-
tion does not depend on the meteoroid ejection model. The
median is ∼ 12◦. Interestingly, in ∼ 60% of cases, the ro-
tation is in long-axis mode. This is partially a result of the
meteoroid shape models, which are more elongated than
flattened.
4.4. Angular momentum direction
The last quantity which was investigated is a direction of
angular momentum vector. It was found, that its distribu-
tion is not random. The angular momentum vectors are
concentrated towards the perpendicular direction with re-
spect to the gas flow direction (see Fig. 6). If it is real, it
may help to explain some features of polarimetric observa-
tions of comets (e.g. review of Kolokolova et al. 2004).
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Fig. 6. The distribution of deviation of the angular mo-
mentum vector from the direction of the gas flow direction.
Sold vertical line represents median, which is 90.5◦. Dotted
curve corresponds to a random distribution of angular mo-
mentum vector directions.
4.5. General validity of the results
The relationship for median spin frequency (17) should be
valid in general and it should be applicable also to bodies
with different parameters than those in Sec. 3.4. To check
this assumption, the median spin rates were numerically de-
termined for another radius and mass3 of 2P/Encke comet,
Rc = 2400m (Ferna´ndez et al. 2000), Mc = 5.8 × 10
13 kg,
Taurid meteoroid density 2.5 g cm−3and compared with
(17). Assuming gas ejection model M2002-050 and diffu-
sive reflection, the numerical model leads to median spin
frequency and ejection velocity of 46.54Hz and 61.24m s−1
for 1mm meteoroids, 2.11Hz and 22.36m s−1 for 1 cm me-
teoroids and 0.12Hz and 7.39m s−1 for 10 cm meteoroids.
These values differ by 15% from the results determined by
(17).
Similar computations were also performed for Perseid
meteoroids. Gas ejection model M2002-050, mass 1.2 ×
1013 kg and radius 1800m of parent comet 55P/Tempel-
Tuttle (Jewitt 2004) and density 0.4 g cm−3 of meteoroids
were assumed. The resulting median frequencies from nu-
merical modeling differs from those determined by Eq. (17)
by less than 15%. The results of the numerical modeling of
Taurid meteoroids rotation can be thus cautiously applied
to other meteoroid streams, which are the result of normal
cometary activity. Some deviations from the results may
occur when gravitation of cometary nucleus plays more im-
portant role than in the studied case. The rotation of mete-
oroids of various meteoroid streams will be studied in detail
in a following paper.
5. Discussion
The present model is not able to determine specific value
of meteoroid spin frequency after ejection from 2P/Encke
comet due to the lack of reliable ejection velocity data. The
dependence of median spin frequency on ejection velocity
and meteoroid size (17) is however common for all three
gas ejection model, despite of very different ejection veloc-
ities. The reliable estimate of the spin frequency therefore
3 The mass follows from assumption that the nucleus density
is 1 g cm−3.
depends on reliable value of ejection velocity. Equation (17)
can be rewritten into more simple form as
f¯ ≃ 2× 10−3vejD
−0.88 (19)
for diffuse reflection of gas molecules, and
f¯ ≃ 5× 10−3vejD
−0.88 (20)
for specular reflection of gas molecules from meteoroid’s
surface (f¯ in Hz, vej in m s
−1, and D in m). But the di-
rect usage of (17) for estimates of preatmospheric spin rate
of meteoroids is doubtful. During the time, which mete-
oroid spent in the interplanetary space, the rotation is af-
fected by several phenomena. In the studied size range,
the most important are radiative effects (Olsson-Steel
1987), i.e. windmill effect and YORP. The timescale of
YORP evolution can be estimated by re-scaling of mean
doubling time td = 14Myr, which was determined by
Cˇapek & Vokrouhlicky´ (2004) for 2-km gaussian random
spheres with spin period of 6 hours on circular orbit with
semimajor axis 2.5AU, assuming principal axis rotation in
asymptotic states. Corresponding values are ∼ 4 years for
1mm (50Hz) and 70 years for 10 cm (0.1Hz) Taurid mete-
oroids. The actual timescales will be however longer due to
(i) heat diffusion through the volume of such small bodies
(Breiter et al. 2010), (ii) evolution of the spin axis direc-
tion by YORP effect and (iii) non-principal axis rotation
of the most of meteoroids. In any case, the preatmospheric
rotation may correspond to the initial rotational state only
in for short time spent in the interplanetary space, but this
subject is beyond the scope of this article and it will be
studied in the future.
6. Summary
– Simple formula was derived for median of spin frequen-
cies f¯ (Hz) of meteoroids after ejection from a comet.
It depends on meteoroid size D (m) and the ejection
velocity vej (m s
−1) as:
f¯ ≃ 2× 10−3vejD
−0.88
for diffuse reflection of gas molecules from meteoroid’s
surface, and
f¯ ≃ 5× 10−3vejD
−0.88
for specular reflection of gas molecules from meteoroid’s
surface. These formulae were determined for 2P/Encke,
but they are generally valid and with caution they can
be used for another comets. The dependence of median
of spin frequencies on meteoroid density and on physical
properties of cometary nucleus is hidden in the value of
vej.
– The distribution of spin frequencies is roughly normal
in the log-scale. It is relatively wide; more than 95% of
values are inside an interval (0.1, 10)× f¯ .
– Most of meteoroids are non-principal axis rotators.
Median of mean angle between angular momentum vec-
tor and spin axes is ∼ 12◦.
– Angular momentum vectors are not distributed ran-
domly in the space. They are concentrated at the per-
pendicular directions with respect to the gas flow.
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– Meteoroid shapes were approximated by shape models
derived from three distinct sets of different Earth rock
samples. The results for these sets differ by less than
30% despite of different origin and shape characteristics
of these sets. Therefore, the results are probably appli-
cable to unknown shapes of real cometary meteoroids.
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